Introduction
Alveolar macrophages are responsible for the non-specific immune response throughout the body. Within the lungs they clear inhaled particles from the inner surface of bronchioli and alveolar spaces. As actively moving cells they ingest particles and afterwards leave the lungs by entering the mucus film covering the bronchiolar epithelium (the so-called "muco-cilliary escalator"). Alternatively, they evade to mediastinal lymph nodes. In any case the motility of AM is an important property and a prerequisite to fulfil their clearing function. Morrow [1] has shown that macrophages motility is impaired if they had engulfed more that 6 % of their volume. Currently, occupational exposure limits for poorly soluble dust particles are being reconsidered and in one approach the ratio of the total macrophage volume and the ingested particle volume is believed to be of major importance. Therefore, investigation of the macrophage volume and surface area are of special relevance for in vitro tests with macrophages exposed to particles. The volume of macrophages can be determined by confocal microscopy provided they are sufficiently fluorescent. However, in flattened cells a 3D-measurement laser scanning microscopy needs high resolution [2] . The volume of macrophages in suspension may also be estimated by coulter counting. However, dynamic images of live adherent AM in vitro are best obtained with phase contrast microscopy and allow e.g. for counting ingested particles on the single cell level. As a first step toward measuring volume and surface of adherent AM, we observed live AM and analysed their shape when they were maximally spread and flattened. It is important to consider that macrophages repeatedly expand thus demonstrating their maximal 2D-shape when observed for extended periods. Studies with laser scanning microscopy confirm this assumption [2] . Under these conditions total outer membrane area, otherwise incorporated in numerous filopodia, becomes better accessible. Here we hypothesized that volume and surface, can be determined by 2D-image analysing methods taking advantage of the flat coplanar geometry of the cell. To test for this hypothesis calculated data were compared to data from the literature.
Methods
Rat alveolar macrophages (NR8383) were observed with a Nikon BioStation™ under cell culture conditions (37 o C, 5% CO 2 ). Cells were seeded in glass bottom petri dishes (Ibidi, Germany) in serum free F12-K medium supplemented with penicillin and streptomycin, such that 2-5 cells per image were visible at 20-fold magnification. Cells were allowed to firmly adhere for several hours. Then up to 4 points of interest were micrographed in parallel for 2-3 h (2 frames per minute, image resolution: 1200 x 1600 px). The open source software ImageJ was used. Maximally spread macrophages were selected and extracted from the scene. To separate the cell contour from background, a Sobel operator was used. Noise was eliminated using a smoothing algorithm. Rendering of edges was carried out by Level Sets segmentation technique. The 1 px perimeter was finally detected by Canny segmentation. This pre-processing gave the 2D-area and its contour covered by the flattened macrophage. Results were fit into a geometric model of a macrophage (Fig. 1) in which the flattened, co-planar cell corpus was approximated by its height h, contour length L and surface A. The spherical portion of the cell, which incorporates the nucleus, was constructed on the flat portion represented by its height h N and radius r. While A, L, and r were extractable from phase contrast data the heights of the cell corpus h and the nucleus containing portion h N were estimated from typical confocal data sets [2] . The macrophage volume V M then calculates as follows:
The surface of the macrophage A M is given by the summation of nucleus surface and corpus surface, diminished by a "base area" underneath the spherical portion. Hence, A M could be calculated according to
The parameter q describes the relation between height and radius of the spherical portion containing the nucleus of the macrophage (0≤q≤1).
The ζ Parameter is used as "spatial roundness", defined by
and helpful to characterize the geometry of the macrophage: If ζ=1, a cell is a sphere, but less spherical if ζ <1.
Results
To obtain the parameter values of A, L, and r, images needed to be pre-analysed, as shown in Fig. 2 : After the object selection (Fig. 2a) filtering with a Sobel operator (Fig. 2b) was conducted, followed by a Level Sets segmentation (Fig. 2c) . This yields the binary image of A, which is the major component of the macrophage's surface. Object contour of the cell corpus and of the spherical portion were defined with the Canny operator and superimposed to the original image (Fig.  2d) . Thereafter, A and L could be specified The radius r of the spherical portion was identified by the same process. Analysis was confined to those cells, whose nuclear region appeared spherical, to meet the basic requirements of the model. The height of the co-planar cell corpus h (1,7µm) and nucleus h N (3,2µm) were taken from confocal images of typical macrophages [2]. ) was in the range of the total membrane area (1236µm 2 ), as derived from a far more complex morphometric analysis which included the major membrane-bound compartments [4] . These concordances suggest that surface and volume of a macrophage can indeed be estimated on the basis of 2D images, provided that reasonable variables are used to describe height (h, h N ) and flatness of the cells under the condition of maximal extension (ζ value). The geometric model, therefore, appears well suited for macrophages exhibiting a coplanar structure and a maximal expansion. We are aware that these measurements await further validation from confocal and/or electron microscopy studies of NR8383 macrophages. Time lapse observation prior to particle uptake may become a tool to describe volume and surface properties of single cells and, more importantly, to compare these values to a cell's capability of particle uptake.
